Villa-Bellosta R, Hamczyk MR, Andrés V. Alternatively activated macrophages exhibit an anticalcifying activity dependent on extracellular ATP/pyrophosphate metabolism. Am J Physiol Cell Physiol 310: C788 -C799, 2016. First published March 2, 2016; doi:10.1152/ajpcell.00370.2015.-Calcium-phosphate deposition (CPD) in atherosclerotic lesions, which begins in middle age and increases with aging, is a major independent predictor of future cardiovascular disease morbi-mortality. Remodeling of atherosclerotic vessels during aging is regulated in part by intimal macrophages, which can polarize to phenotypically distinct populations with distinct functions. This study tested the hypothesis that classically activated macrophages (M1s) and alternatively activated macrophages (M2s) differently affect vascular smooth muscle cell (VSMC) calcification and investigated the underlying mechanisms. We analyzed mouse VSMCmacrophage cocultures using a transwell system. Coculture of VSMCs with M2s significantly reduced CPD, but coculture with M1s had no effect. The anticalcific effect of M2s was associated with elevated amounts of extracellular ATP and pyrophosphate (PPi), two potent inhibitors of CPD, and was lost upon forced hydrolysis of these metabolites. In M2s and VSMC-M2s cocultures, analysis of the ectoenzymes that regulate extracellular ATP/PPi metabolism revealed increased mRNA expression and activity of ectoenzyme nucleotide pyrophosphatase/phosphodiesterase-1, which synthesizes PPi from ATP, without changes in tissue-nonspecific alkaline phosphatase, which hydrolyzes PP i. In conclusion, increased accumulation of extracellular ATP and PP i by alternatively activated mouse M2s inhibits CPD. These results reveal novel mechanisms underlying macrophage-dependent control of intimal calcification.
CARDIOVASCULAR COMPLICATIONS due to atherosclerosis and arterial stiffening are the main cause of morbidity and mortality in advanced economies and are predicted soon to become the number one health problem worldwide, at least in part because of global population aging (5, 8) . Atherosclerosis and arterial stiffening are frequently associated with vascular calcification, a type of ectopic soft tissue mineralization characterized by calcium-phosphate deposition (CPD). Vascular calcification, which begins in middle age and increases with aging, is a major independent predictor of future cardiovascular diseaseassociated mortality and morbidity (9, 24, 27) . It is therefore of utmost importance to unravel the age-dependent molecular and cellular mechanisms that regulate vascular calcification to develop new therapeutic strategies.
Deposits of calcium-phosphate are found in distinct layers of the arterial wall and are associated with specific pathologies. For example, calcification is frequently observed in atherosclerotic lesions (intimal calcification), and is associated with vascular smooth muscle cells (VSMCs) and macrophages in lipid-rich areas of the atheromatous plaque. In contrast, medial calcification, also known as Monckeberg's medial calcinosis, occurs within the elastic region of the arteries almost exclusively associated with VSMCs and is common in arteriosclerosis related with aging, diabetes, and chronic kidney disease (CKD). Intimal and medial calcification may occur independently of one another, although both processes have been observed in CKD patients (4) .
Macrophages, key mediators of innate immune responses, are present in atherosclerotic plaques and regulate many processes during all stages of the disease, from the formation of early fatty streaks containing predominantly macrophage foam cells to the rupture of advanced plaques caused in part by macrophage-derived matrix metalloproteinases and cysteine endoproteases (cathepsins K and S) (12) . In response to a large variety of microenvironmental signals, which differ at distinct stages of atherosclerosis and in different regions of the atherosclerotic plaque, macrophages polarize to give rise to a phenotypically heterogenous population of intimal cells (3, 15) . Atherosclerotic lesions contain cells expressing markers of classical M1 macrophages (M1s) and of alternative M2 macrophages (M2s), which are considered to represent the extremes of the heterogeneous spectrum of macrophage subsets (3, 15) . Accumulated evidence shows that different macrophage subsets play distinct roles within atherosclerotic plaques (3, 15) . Vascular calcification, a process similar to bone formation, involves osteogenic differentiation and mineralization of VSMCs (27, 31, 35) . CPD in atherosclerotic lesions, also called intimal calcification, is associated with the presence of macrophages in lipid-rich areas of the atherosclerotic plaque. The prevailing view is that macrophages promote intimal calcification in part by releasing reactive oxygen species, proinflammatory cytokines, and matrix vesicles, which induce osteogenic transformation and mineralization of VSMCs (21, 22, 27, 29) . However, it remains to be determined whether different macrophage subsets affect CPD differently. In this study, we tested the hypothesis that classically activated M1s and alternatively activated M2s differently affect VSMC calcification and investigated the underlying mechanisms. 
Mice.
VSMCs and macrophages were obtained from male wildtype mice (C57BL/6 background). For studies of Fig. 9 , we used male wild-type and apolipoprotein E-null mice (ApoE Ϫ/Ϫ ) (8-wk-old and 1-yr-old, C57BL/6 background). Animal studies were approved by the local ethics committee and conformed to directive 2010/63EU and recommendation 2007/526/EC regarding the protection of animals used for experimental and other scientific purposes, enforced in Spanish law under RD1201/2005.
VSMC isolation. Mice were euthanized by carbon dioxide inhalation to isolate and culture primary mouse VSMCs as described previously (31, 38) . Briefly, VSMCs were obtained from the thoracic aortas of 8-wk-old mice by microdissection and digested with 2 mg/ml collagenase (Worthington Biochemical) to remove the adventitial layer (37°C, 15 min, 5% CO 2 atmosphere). A second digestion with 2 mg/ml collagenase (Worthington Biochemical) was performed during 90 min at 37°C with constant agitation. Then cells were washed and suspended in complete DMEM [DMEM, supplemented with 1 mM L-glutamine, 100 IU/ml penicillin, 100 g/ml streptomycin and 10% (vol/vol) FBS] and grown at 37°C in a humidified atmosphere at 5% CO 2. VSMCs were used at passages 5-11 (1:3 splitting after trypsinization).
Isolation and polarization of macrophages from mouse bone marrow. Mice were euthanized by carbon dioxide inhalation to obtain tibiae and femurs. Bone marrow-derived macrophages (BMDMs) were obtained by flushing mouse tibiae and femurs with ice-cold PBS and passing the suspension through a cell strainer with a 70-m cutoff. Cells were seeded on nontreated cell culture plates in 10 ml complete DMEM supplemented with 15% L929-cell-conditioned medium as a source of macrophage colony-stimulating factor (M-CSF) (L929 cells from American Type Culture Collection, Ref. CCL-1). Cultures were incubated at 37°C, 5% CO 2 for 7 days, at which time ϳ95% were CD11bϩ BMDMs (unpolarized macrophages: M0s). M0s were washed three times and cultured for 24 h in complete DMEM containing either IFN␥ (20 ng/ml; Peprotech Ref: 315-05) and lipopolysaccharide (LPS) (10 ng/ml; Sigma Ref. L2654) for "classical activation" (M1s), or IL-4 (20 ng/ml; R&D, Ref. 404-ML) for "alternative activation" (M2s) (1, 6) . Unless otherwise stated, experiments were performed with macrophages prepared from bone marrow of young mice (8 or 9 wk old).
Coculture assays and procalcifying medium. For coculture assays, VSMCs were grown on sterile polystyrene 12-well culture plates (Falcon), and macrophages were grown on sterile 0.4 m polycarbonate transwell membranes (Transwell Permeable Support, Costar). This coculture system allows study of the effect of macrophages on VSMC calcification without cell-cell contact. Macrophages and VSMCs were incubated together (after washing three times with DMEM medium) at 37°C, 5% CO 2 with procalcifying medium: DMEM supplemented with 1 mM L-glutamine, 100 IU/ml penicillin, 100 g/ml streptomycin, 1% FBS, and sodium phosphate (NaH 2PO4 Ϫ /Na2HPO4 2Ϫ , pH 7.4) to a final concentration of 2.5 mM. The transwell containing freshly polarized macrophages and the procalcifying medium were both replaced every day over 5 days.
Quantification of calcium deposition and inhibitory capacity assay. Calcium deposits in VSMCs were quantified as described previously (33, 35) . Briefly, cells were washed and treated with 0.6 mol/l HCl overnight at 4°C and analyzed with a colorimetric quantification calcium assay kit (BioAssay Systems, Hayward, CA). Previous in vitro studies showed that CPD is more prominent with lysed VSMCs than with live cells, which suggests that VSMCs synthetize CPD inhibitors (33, 35, 36) . To quantify the CPD inhibitory capacity of VSMCs, live and lysed VSMCs were incubated in parallel with procalcifying medium for 5 days, and the difference in CPD (⌬Ca 2ϩ ) was calculated after normalization to protein concentration, as previously described (38) . In the experiments presented in Fig. 4E , 1 U/ml of alkaline phosphatase (ALP) (New England BioLabs) was added as indicated to the procalcifying medium (13) . The medium was replaced every day for 5 consecutive days.
ATP and PP i quantification. Pyrophosphate (PPi) and ATP were quantified as described previously (37, 38) . PPi was measured with an enzyme-linked bioluminescence assay in which PPi reacts with adenosine 5-phosphosulfate (A5508, Sigma-Aldrich) in the presence of ATP sulfurylase (A8957, Sigma-Aldrich) to generate ATP. For each sample, the amount of PPi was obtained by subtracting the blank reading (reaction without ATP-sulfurylase). ATP was measured by a coupled luciferin/luciferase reaction with an ATP determination Kit (Invitrogen, Paisley, United Kingdom).
Quantification of NO 3 Ϫ /NO 2 Ϫ levels and arginase activity. Nitric oxide (NO) production was quantified by the Griess reaction (1, 6) . Aliquots (100 l) of culture supernatant were collected into the wells of a 96-well flat-bottom polystyrene nontreated tissue culture plate. To each well were added 50 l of solution A (1% wt/vol sulfanilamide in 2.5% H3PO4) and 50 l of solution B (0.1% wt/vol naphthylethylenediamunedihydrochloride in 2.5% H3PO4). Plates were incubated for 10 min in the dark and the absorbance was read at 550 nm. A standard curve was prepared from serial twofold dilutions of 125 M NaNO2 in cell culture medium, which was also used as a blank. To quantify nitrate (NO 3 Ϫ ), culture supernatants were first incubated with nitrate reductase to convert NO 3 Ϫ to NO 2 Ϫ , using the Nitrite/Nitrate Assay Kit (Sigma-Aldrich). NO 3 Ϫ concentration was calculated as the difference between the mean values obtained with and without nitrate reductase treatment.
Arginase activity was quantified in macrophages lysed in 25 mM Tris-Cl buffer, pH 8 containing 0.1% Triton X-100 and protease inhibitor cocktail (Roche; catalog no. 11836145001) (1, 6) . For each 100 l of lysis buffer containing 15 g protein, 10 l of 10 mM MnCl2 were added, and samples were then heated at 55°C in a water bath for 10 min. One hundred microliters of 0.5 M L-arginine were added to each sample (total sample volume 210 l) and incubated at 37°C for 2 h. The reaction was stopped by adding 800 l of acid solution (7:3:1 H2O:44.6 N H2PO4:36 N H2SO4). Then 40 l of 9% (wt/vol) ␣-isonitrosopropiophenone in absolute ethanol were added to each sample and all samples were heated at 100°C for 30 min. Finally, the samples were cooled on ice in the dark for 10 min and absorbance was read at 550 nm. For the standard curve, serial twofold dilutions of 50 mM urea were used. Protein was quantified with the Pierce BCA Protein Assay Kit (Thermo Scientific).
Dose-response assays and kinetic analysis of NO 2 Ϫ -mediated inhibition of calcification. VSMCs were grown on 24-well plates and rendered quiescent by overnight incubation in 0.1% FBS. The cells were then lysed to stop cellular activity (33, 35, 36, 39) . Calcification in lysed VSMCs was induced by incubation with procalcifying medium for 1 day in the presence of increasing concentra-tions of NaNO2 at 37°C, 5% CO2. The procalcifying medium was replaced every day over 6 days and the deposited calcium was quantified. The mean inhibitory concentration (IC 50) was calculated by nonlinear regression using the following one-site compe-
, where Top refers to the calcium deposited in the absence of an inhibitor and Bottom refers to the maximum inhibition of calcium precipitation (31) (32) (33) (34) 39) . GraphPad Prism 5 software was used for the kinetic analysis.
eNPP and alkaline phosphatase activities. Phosphatase activity was measured with the p-nitrophenylphosphate (pNPP) Phosphatase Assay Kit (BioAssay Systems) according to the supplier's instructions. To detect eNPP activity, the same kit was used but with pNPP replaced by thymidine 5=-monophosphate p-nitrophenyl ester (Sigma, T4510). When indicated, assays were performed in the presence of 10 M of alkaline phosphatase inhibitor (API), Levamisol (SigmaAldrich), or 300 M of the inhibitors of ectonucleotidases (EIs) ␣,␤-methyleneadenosine 5=-triphosphate (Sigma-Aldrich) and ␤,␥-methyleneadenosine 5=-triphosphate (Sigma-Aldrich), as in previous studies (25, 37) .
Quantitative real-time RT-PCR. Total RNA from VSMCs and macrophages was isolated using QIAzol lysis reagent (Qiagen, Madrid, Spain). After DNase treatment, 2 g of RNA was reverse transcribed with the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Madrid, Spain). Quantitative real-time polymerase chain reaction was performed using Power SYBR Green Mix on 384-well clear optical reaction plates using the ABI PRISM 7900HT sequence detection system according to the manufacturer's instruction for calibrator normalization (Applied Biosystems). All reactions were performed in triplicate. The primers used for amplification were as follows: (1) iNOS (NM_010927.3): 5=-GGATCT TCC CAG-GCAACCA-3= (forward), 5=-TCCACAACT CGCTCCAAGATT-3= (reverse); (2) ArgI (NM_007482.3): 5=-CAGAAG AATGGA AGA GTC AG-3= (forward), 5=-CAG ATA TGCAGGGAGTCA CC-3= (reverse); (3) bone morphogenetic protein-2 (BMP-2; NM_007553): 5=-CACCGTGCGCAGCTTCCA-3= (forward), 5=-CCGGGC-CGTTTTCCCACTCA-3= (reverse); (4) Runx2 (NM_001146038.1): 5=-CAGATCCCAGGCAGGCACAGTC-3= (forward), 5=-ACAGCG-GCGTGGTGGAGTG-3= (reverse); (5) eNPP1 (NM_008813): 5=-GGATTGTGCCAATAAGGACT-3= (forward), 5=-CAAGAACTG-TTGCTGCTGGAG-3= (reverse); (6) tissue-nonspecific alkaline phosphatase (TNAP; NM_007431): 5=-CTATGTCTGGAACCG-CACTGA-3= (forward), 5=-AGCCTTTGAGGTTTTTGGTCA-3= (reverse); (7) eNTPD1 (NM_009848): 5=-AGCCTCCACACAGATCAC-CTT-3= (forward), 5=-GCCACCACTTGAAACCTGAAT-3= (reverse); (8) HIF-1␣ (NM_010431.2): 5=-CAA GTT GGAACTGGTG-GAAAA-3= (forward), 5=-GATTCATCAGTGGTGGCAGTT-3= (reverse); (9) PGC-1␤ (NM_133249.2): 5=-CCTGGATACAGAGACCCA CAA-3= (forward), 5=-CCAAGAGAGTCGCTTTGTGAC-3= (reverse); (10) Ym1 (M94584): 5=-CAAGTTGAAGGCTCAGTGGCTC-3= (forward), 5=-CAAATCATTGTGTAAAGCTCCTCTC-3= (reverse); (11) Fizz1 (AF316397): 5=-CTGCCCTGCTGGGATGACT-3= (forward); 5=-CATCATATCAAAGCTGGGTTCTCC-3= (reverse). Expression was quantified by the comparative C t method, with correction for the expression of the endogenous control gene acidic ribosomal phosphoprotein P0 (RPLP0, accession no. NM_007475).
Chemicals. All chemicals were obtained from Sigma-Aldrich. Statistical analysis. Results are represented as means Ϯ SE of 3-4 independent experiments using 3-4 mice per experiment. For the studies shown in Figs. 3, 4 , 5B, 6, 7, 8, and 9B, results were analyzed by ANOVA. For the studies shown in Figs. 2 and 5A, results were analyzed by unpaired Student's t-test with Welch correction for two samples with possibly unequal variance. In all cases, statistical significance was assigned at P Ͻ 0.05. GraphPad Prism 5 software was used for statistical analysis.
RESULTS
Macrophage plasticity and phenotype maintenance. To perform the CPD coculture assays, we first examined by qPCR whether M1s and M2s maintain their phenotype when cultured in complete DMEM without polarizing factors. After incubation of M0s for 1 day in medium supplemented with IFN␥ϩLPS or IL-4, cultures expressed high mRNA levels of M1-associated iNOS or M2-associated ArgI, respectively (Fig. 1, A and C, day 1ϩ) . However, expression of both markers declined sharply in cultures maintained for an additional day in the absence of polarizing factors (Fig. 1, A and C,  day 2Ϫ ). The mRNA expression for these enzymes was paralleled by the enzyme activities of iNOS and ArgI, quantified as the amount of NO and urea, respectively, produced from arginine as substrate. Both enzyme activities progressively declined when 1-day polarized macrophages were maintained for 3 days in medium without polarizing factors (Fig. 1, A and C, days 2Ϫ, 3Ϫ, and 4Ϫ). In contrast, iNOS and ArgI activities were maintained when polarizing factors were added fresh to the medium every day (Fig. 1, B and D, days 2ϩ, 3ϩ). Interestingly, M0s polarized on the first day with IFN␥ϩLPS (to form M1s) and incubated on the second day with IL-4 (to form M2s) exhibited both ArgI and iNOS enzymatic activities ( Fig. 2) and ArgI mRNA expression without expression of iNOS mRNA. The same result was obtained when M0s were first polarized to M2s and then to M1s (Fig. 2) . The observation that polarized macrophages can express different markers in response to different stimuli supports the concept that these cells are very plastic at any time. Analysis of additional markers, including ArgII, Fizz1, Ym1, Hif1␣, and PGC-1␤, confirmed correct polarization of macrophages to both M1 and M2 subtypes (Fig. 3) .
Alternatively activated M2s inhibit calcium-phosphate deposition. To investigate the effect of macrophage polarization on VSMC calcification, we performed in vitro assays in which transwells containing M1s (polarized from M0s with IFN␥ϩLPS) or M2s (polarized from M0s with IL-4) were placed over confluent monolayers of VSMCs in procalcifying medium. To avoid the influence of IFN␥ϩLPS and IL-4 on CPD, these polarizing factors were not added to the procalcification medium and we replaced the transwell inserts daily with new inserts containing fresh 1-day polarized macrophages, which also were washed three times in procalcifying medium to remove the polarizing factors. Under these conditions, CPD after 5 days was significantly lower in VSMC-M2 cocultures than in control cultures (VSMCs alone) or VSMC-M1 cocultures (Fig. 4A) . Accordingly, mRNA and protein expression of the calcification markers Runx2 and BMP-2 was significantly reduced in VSMCs cocultured with M2s but not with M1s (Fig. 4B) .
Extracellular ATP and pyrophosphate are the main inhibitors of calcium-phosphate deposition in VSMC-M2 cocultures. Extracellular pyrophosphate (PP i ) is a potent inhibitor of CPD in vitro and in vivo which is produced mainly from the hydrolysis of extracellular ATP, another strong inhibitor of calcification (39) . Compared with VSMC-M1 cocultures or control VSMCs, we found significantly higher amounts of ATP and PP i and an augmented PP i -to-ATP (PP i /ATP) ratio in the conditioned medium of VSMC-M2 cocultures (Fig. 4, C and  D) . These results suggest that protection against CPD in VSMC-M2s cocultures is due, at least in part, to increased availability of extracellular ATP and PP i . To further explore this possibility, we performed calcification assays in control and ALP-treated VSMC-macrophage cocultures. Consistent with the results shown in Fig. 4A , CPD inhibitory capacity was significantly higher in VSMC-M2 cocultures compared with both VSMC alone and VSMC-M1 cocultures (Fig. 4E,  ϪALP) . Hydrolysis of extracellular polyphosphates significantly reduced CPD inhibitory capacity in all experimental conditions (Fig. 4E, ϩALP) . Notably, treatment with ALP reduced CPD inhibitory capacity in VSMC-M2 cocultures to the level seen in VSMCs alone, suggesting that ATP and PP i are the main M2-induced CPD inhibitors. In contrast, ALPtreated VSMC-M1 cocultures retained higher inhibitory activity compared with VSMCs alone, suggesting the presence in VSMC-M1 cocultures of CPD inhibitors insensitive to ALP. (Fig. 5A) . We then examined the effect of NaNO 2 or NaNO 3 on passive P iinduced calcification (33, 35) with procalcifying medium. These experiments revealed a significant reduction in CPD in response to 20 mol/l NaNO 2 but not to 20 mol/l NaNO 3 (Fig. 5B) . Additional experiments demonstrated that NaNO 2 inhibited CPD in a dose-dependent manner, with an IC 50 of 33.83 mol/l (Fig. 5C ).
M2s exhibit enhanced release of extracellular ATP and PP i . To explore the mechanisms underlying the increased accumulation of ATP and higher PP i /ATP ratio in the extracellular medium of VSMC-M2 cocultures, we performed studies with unpolarized M0s and polarized M1s and M2s. Previous studies showed that M1s synthesize ATP mainly via glycolysis, whereas ATP synthesis in M2s is mainly mediated by ␤-oxidation of fatty acids (2, 30) . Consistent with these observations, we found higher expression of the glycolysis marker HIF-1␣ in M1s and of the ␤-oxidation marker PGC-1␤ in M2s (Fig. 3) . This was associated with a Ϸ2-fold higher amount of ATP secreted to the extracellular medium by M2s (Fig. 6A) , possibly reflecting higher ATP synthesis via ␤-oxidation compared with glycolysis. The amount of extracellular PP i (Fig. 6B) and the extracellular PP i /ATP ratio (Fig.  6C) were also significantly higher in M2 cultures.
We next analyzed the main ectoenzymes involved in the regulation of extracellular ATP and PP i metabolism: eNPP1, which produces PP i from ATP hydrolysis; tissue-nonspecific alkaline phosphatase (TNAP), which produces P i from PP i hydrolysis; and eNTPD1, which produces Pi from ATP hydrolysis. Analysis by qPCR revealed similar levels of TNAP mRNA in M0s, M1s, and M2s (Fig. 6D) . Statistically significant differences in mRNA expression compared with M0s included a Ϸ2.5-fold increase in eNTPD1 in M1s, a Ϸ2-fold decrease in eNPP1 in M1s, and a Ϸ2-fold increase in eNPP1 in M2s (Fig. 6D) . We also measured the accumulation of extracellular PP i 1 h after incubating unpolarized and polarized macrophages with 1 mol/l ATP. In agreement with the mRNA data, eNPP activity was significantly higher in M2s (Fig. 6E, ϪEIs) , and incubation with the ectonucleotidase inhibitors ␣,␤-methyleneadenosine 5=-triphosphate and ␤,␥-methyleneadenosine 5=-triphosphate significantly reduced eNPP activity in the three macrophage subtypes (Fig. 6E, ϩEIs) . Moreover, the production of extracellular PP i was significantly reduced in M1s and increased in M2s compared with M0s (Fig. 6F) . Fig. 2 . Macrophage plasticity. Mouse M0s were washed three times and incubated for 24 h in complete DMEM supplemented with IFN␥ ϩ LPS or IL-4 to obtain M1s and M2s, respectively. M1s and M2s were washed three times with PBS. M1s were then incubated for 24 h with complete DMEM supplemented with IFN␥ ϩ LPS or IL-4 to obtain M1s-M1s and M1s-M2s, respectively. M2s were incubated for an additional 24 h with complete DMEM supplemented with IFN␥ ϩ LPS or IL-4 to obtain M2s-M1s and M2s-M2s, respectively. A and B: analysis of ArgI and iNOS mRNA levels (A) and activities (B) in the four macrophage subtypes. Results are represented as means Ϯ SE of 3 independent experiments using 4 mice per experiment. ***P Ͻ 0.001. Fig. 3 . Analysis of macrophage polarization. mRNA was isolated from M0s, M1s, and M2s. Then, mRNA levels for M1s (top) and M2s (bottom) macrophage markers were quantified by qPCR. Results are represented as means Ϯ SE. For statistical analysis, one-way ANOVA analysis of variance followed by Tukey's multicomparison tests was used. ***P Ͻ 0.001.
M2s stimulate the synthesis of extracellular ATP and PP i by VSMCs.
We next examined the effects of macrophage polarization on the VSMC expression and activity of ectoenzymes involved in extracellular ATP/PP i metabolism. After 5 days in procalcifying medium, control and cocultured VSMCs were harvested for qPCR, Western blotting, and enzymatic analyses. VSMCs that had been cocultured with M1s expressed higher mRNA and protein levels of Tnap, whereas VSMCs from VSMC-M2 cocultures expressed higher levels of eNpp1 mRNA and protein (Fig. 7, A and B) . Likewise, the activity of eNPP (which generates PP i ) was increased in VSMCs cocultured with M2s (Fig. 7C, ϪEIs) , and incubation with the ectonucleotidase inhibitors ␣,␤-methyleneadenosine 5=-triphosphate and ␤,␥-methyleneadenosine 5=-triphosphate significantly reduced eNPP activity in all experimental conditions (Fig. 7C, ϩEIs) . We also found increased activity of ALP (which degrades PP i ) in VSMCs cocultured with M1s, but not with M2s (Fig. 7D) . Moreover, when VSMCs were incubated after the 5 days of coculture for 1 additional day in the absence of macrophages, we found that VSMCs that had been incubated with M2s released significantly higher levels of extracellular ATP (Fig. 7E) . All of these changes were associated with significantly higher amounts of PP i and PP i /ATP in the extracellular milieu of VSMCs coincubated with M2s compared with M1s (Fig. 7F) .
Culture media conditioned by M2s stimulate VSMC proliferation and mobility. We next examined the effect of culture media conditioned by M0s, M1s, or M2s on VSMCs. Macrophages were washed three times with PBS and were incubated for one additional day in complete DMEM supplemented with 1% FBS to obtain conditioned media. VSMCs were then cultured in control media (complete DMEM with 1% FBS) or in media conditioned by either M0s, M1s, or M2s to track their velocity of movement and to analyze cell proliferation. Both processes were unaffected in VSMCs cultured with M0s-conditioned media, were induced by M2s-conditioned media, and were inhibited by M1s-conditioned media (Fig. 8) .
Lack of calcification in atherosclerotic lesions is associated with elevated amount of M2s. To assess the potential in vivo relevance of our findings, we analyzed the expression of macrophage markers and CPD in atherosclerotic lesions from 1-yr-old ApoE Ϫ/Ϫ mice. Lack of calcification in these plaques, assessed by Von Kossa staining, correlated with high ArgI/ iNOS mRNA ratio (4.7:1), indicating the accumulation of M2s compared with M1s (Fig. 9) . These results support the notion that M2s have anticalcifying properties in vivo.
M0s incubated with calcium-phosphate crystals polarize into M1s. We analyzed the polarization of M0s incubated for 1 day with different calcium-phosphate crystals found in atherosclerotic plaques, including hydroxyapatite, amorphous calcium phosphates, and ␤-tricalcium phosphate (40) . These compounds significantly increased iNOS mRNA levels and the production of NO 2 , without affecting ArgI expression or activity (Fig. 10) . These findings suggest that the presence of CPD in atherosclerotic plaques induces the polarization of macrophages into a M1s inflammatory phenotype.
DISCUSSION
Calcification is a very common complication of atherosclerosis, a pathological process that involves infiltration of monocytes and their differentiation into macrophages within atherosclerotic plaques. Previous studies have suggested that macrophages enhance the calcifying capacity of VSMCs in vitro, and the prevailing view is that macrophages contribute to the development of atherosclerotic calcification in vivo (21, 22,  27, 29) . However, the contribution of different macrophage subsets during the process of atherosclerotic calcification has not been analyzed. Several studies suggest that different microenvironments in atherosclerotic lesions can drive macrophage polarization towards a classical (M1) or an alternative (M2) activation status, which represent the two major and opposing activities of a wide range of macrophage subsets (3, 15) . M1s promote inflammation, inhibit cell proliferation, and cause tissue damage. Conversely, M2s promote cell proliferation and tissue repair. In our study we have compared, for the first time, the influence of mouse M1s and M2s on VSMC calcification. Using a VSMC-macrophage coculture system that avoids physical interaction between the two cell types, we have shown that M2s, but not M1s, inhibit VSMC calcification. This anticalcifying capacity of M2s is due to increased availability of extracellular ATP and PP i (Fig. 11) . Extracellular PP i is an endogenous inhibitor of vascular calcification both in vitro and in vivo (23, 33, (35) (36) (37) (38) (39) . PP i is degraded enzymatically by TNAP to P i (37, 38) , and is synthesized from extracellular ATP by eNPP1, both in cultured VSMCs (25) and in aorta (37, 39) . The importance of these ectoenzymes in arterial calcification has been underscored by several studies. For example, TNAP overexpression leads to increased calcification in ex vivo cultured rat aorta, treatment with TNAP inhibitors diminishes calcification (20, 37) , and TNAP upregulation in aortas from uremic rats results in increased hydrolysis of PP i and vascular calcification (14) . Regarding eNPP1, its absence causes extensive and fatal arterial calcification in children (26) and aortic calcification in mice (7) . It is also noteworthy that extracellular ATP, which is hydrolyzed by eNTPD1 to form P i , has been shown to directly inhibit CPD through a molecular mechanism similar to PP i and bisphosphonates (39) . In this study, we have shown that CPD inhibition in VSMCs cocultured with M2s is associated with elevated amounts of extracellular ATP and PP i due to increased synthesis (via ␤-oxidation of fatty acids) and excretion of ATP by M2s (Fig. 11) . In addition, M2s have elevated expression and activity of eNPP1, resulting in an increase in the amount of extracellular PP i produced through hydrolysis of ATP present in the extracellular milieu. Given that Tnap and eNtpd1 mRNA levels in M2s are similar to those in M0s, the PP i /ATP ratio in M2s is significantly higher than in M0s and M1s. In contrast, M1s showed no significant increase in the amount of extracellular ATP compared with M0s and showed increased eNTPD1 and reduced eNPP1 expression without significant changes in TNAP expression. We also found that treatment with ALP blunts the anticalcific activity in VSMC-M2 cocultures, indicating that this protective effect is due in large part to increased availability of extracellular ATP and PP i .
Tintut et al. (29) reported that human macrophages enhance the calcifying capacity of bovine VSMCs by inducing pheno- typic changes in these cells and matrix mineralization in a macrophage/VSMC coculture system. In these studies, M0s were activated with oxidized LDL or LPS, two factors found in the subendothelial space of diseased arteries that induce the production and release of several molecules, including reactive oxygen species and inflammatory cytokines. Moreover, Li et al. (11) found that activators of the vitamin D receptor (calcitriol and paricalcitol) promote calcification in cocultures of human VSMCs and a mouse lymphoma-derived macrophage cell line. The human macrophages in both these studies can be considered proinflammatory cells. Indeed, both studies reported high extracellular levels of TNF-␣, an adipokine involved in systemic inflammation which is produced chiefly by M1s but not by M2s (3, 15) . TNF-␣ has been shown to augment TNAP activity in VSMCs, leading to reduced amounts of extracellular PP i and induction of calcification in vitro (10, 28) . In our study with mouse cells we found increased expression and activity of TNAP in VSMCs coincubated with M1s, and this was associated with a decrease in the synthesis of PP i . Together with the impaired PP i synthesis by M1s, these findings could explain the reduction of PP i observed in mouse VSMC-M1 cocultures. Fig. 8 . M2s-conditioned media stimulate VSMC proliferation and mobility. Mouse BMDMs were seeded on cell culture plates in complete DMEM (10% FBS) supplemented with 15% L929-cell-conditioned medium as a source of M-CSF to obtain M0s. Cells were then washed three times in PBS and incubated for 24 h in complete DMEM supplemented with IFN␥ ϩ LPS or IL-4 to obtain M1s and M2s, respectively. M1s and M2s were washed three times with PBS and incubated for one additional day in complete DMEM supplemented with 1% FBS. The cell culture supernatants were collected to obtain media conditioned by M1s and M2s. Conditioned media consisted of a mix of media produced by macrophages derived from 40 different mice in 8 independent polarization experiments. A: mouse VSMCs (Ϸ20% confluency) were incubated for 2 days in complete DMEM supplemented with 0.1% FBS and then were washed three times and incubated for 3 days with the indicated media. Images were taken every 20 min over 3 days, using an ECLIPSE Ti-Time Lapse inverted microscope (Nikon), and 2D time-lapse images were analyzed using ImageJ software (Time Series Analyzer) to obtain the VSMC track velocity. Results are represented as means Ϯ SE of 3 independent experiments using 6 wells per condition in each experiment. B: fully confluent mouse VSMCs were incubated for 5 days in complete DMEM supplemented with 0.1% FBS and were then incubated for 24 h with the indicated media. Cell cycle was analyzed in cells stained with propidium iodide using a LSRII Fortessa flow cytometer. Results are represented as means Ϯ SE of 3 independent experiments using 3 wells per condition in each experiment. *P Ͻ 0.05; ***P Ͻ 0.001. Fig. 9 . Lack of calcification in mouse atherosclerotic lesions is associated with high M2s/M1s ratio. Eight-week-old (8w) and 54-week-old (54w) apolipoprotein E-knockout (ApoE) and wild-type (WT) mice were euthanized, and the aortic arch was extracted to obtain OCT cross sections. A: representative photographs of hematoxylin and eosin (H&E), Von Kossa (VK), and F4/80 staining. B: ArgI and iNOS mRNA levels in pooled aortic arches obtained from 54-wk-old WT and ApoE mice (n ϭ 4 -5 animals per pool). Results are represented as means Ϯ SE of 5 different pools per group. *P Ͻ 0.001.
Given that M1s release TNF␣, it has been suggested that proinflammatory macrophages have a procalcifying effect (4, 10, 28) . Consistent with this view, we found a significant reduction in the level of extracellular ATP and PP i in VSMC-M1 cocultures, which would be expected to promote VSMC calcification. However, we did not observe increased VSMC calcification in the mouse VSMC-M1 coculture system. M1s also induce the expression of iNOS, an enzyme that hydrolyzes arginine to form NO, which is rapidly transformed into nitrite (NO 2 Ϫ ) and nitrate (NO 3 Ϫ ). Importantly, our results demonstrate that NO 2 Ϫ directly blocks CPD and thus compensates, in our experimental model, the procalcifying effect of reduced PP i production induced by M1s. We also found that M0s incubated with different calcium-phosphate crystals found in atherosclerotic plaques, including hydroxyapatite (40), polarized into inflammatory macrophages (M1s). Conversely, M2s macrophages express ArgI, which convert arginine into ornithine and subsequently into proline and polyamines. Proline mediates the production of collagen, while polyamines induce cell proliferation and the consequent production of extracellular ATP and PP i (17) .
We have focused our studies on mouse M1s and M2s, which represent the extremes of the heterogeneous spectrum of macrophage subsets (3, 15, 16, 18, 19) . Additional macrophage populations that have recently been recognized include Mox (oxidized LDL-stimulated), Mhem (hemoglobin-stimulated), M3 (TGF-␤-stimulated), and M4 (CXCL4-stimulated), and three different subclasses of M2s have been identified: M2a (IL4-stimulated), M2b (stimulated with immunocomplexes and IL1␤/LPS), and M2c (IL-10-stimulated) (3, 15, 16, 18, 19) . Future studies are thus warranted to investigate the effects of other subsets of macrophages on vascular calcification. According to homeostatic activities, macrophages have been classified alternatively in three groups both in humans and mice ) in culture supernatants (top) and ArgI activity (bottom) in macrophages treated as described. Results are represented as means Ϯ SE of 3 independent experiments using macrophages obtained from 3 mice per experiment. *P Ͻ 0.001. Fig. 11 . Proposed roles of different macrophage subtypes in calcification. PPi is a direct inhibitor of calcium-phosphate deposition that is generated by ATP hydrolysis by eNPP1 and degraded to Pi by TNAP. Left: M2s increase the levels of extracellular PPi due to increased ATP release and overexpression of eNPP1. The presence of M2s also induces eNPP1 expression in VSMCs, thus contributing to PPi accumulation. Right: high expression of eNTPD1 in M1s reduces extracellular PPi level. M1s also induce TNAP expression in VSMCs, thus contributing to reduced extracellular PPi accumulation. In our coculture model, the procalcifying effect of M1s via TNF-␣ is offset by the anticalcifying properties of nitrite (NO 2 Ϫ ) released by these cells. These findings underscore the importance of macrophage polarization in atherosclerotic plaque calcification. Abbreviations are defined in the Glossary. (19) : 1) M1s, with proinflammatory and microbicidal activities; 2) wound-healing macrophages (M2a subclass), with tissue repair activity; and 3) regulatory macrophages (M2b/c subclass), with anti-inflammatory activity. Interestingly, both human and mouse M1s release proinflammatory cytokines, such as TNF-␣. Moreover, mouse M2s (IL-4-stimulated) have a high capacity to repair tissues, like wound-healing human macrophages. Therefore, our mouse M1s and M2s have an equivalent macrophage activity in human, despite expressing different markers (18, 19) . Nevertheless, future studies are warranted to investigate the effect of human macrophage polarization on vascular calcification.
In summary, we have shown that mouse M2s have an anticalcifying activity that depends on their increased capacity to synthesize extracellular ATP and PP i , and that M0s incubated with different calcium-phosphate crystals present in atherosclerotic lesions polarize into M1s. In our coculture model, the procalcifying effect of M1s via TNF-␣ is offset by the anticalcifying properties of nitrite released by these cells. Our findings underscore for the first time the importance of macrophage polarization in atherosclerotic plaque calcification.
